Tracheostomy for management of neonatal airway obstruction may be life saving but is associated with complications and developmental problems. As an alternative, the effectiveness of internal mandibular distraction osteogenesis was investigated in select neonatal patients with micrognathia and upper airway obstruction. Preoperative tests (sleep study, direct laryngobronchoscopy, and "milk scan" for GI reflux) were used to select appropriate candidates for the procedure. Excluded were patients with 1) central apnea, 2) severe reflux, 3) other airway lesions, and 4) mild to moderate obstruction controlled by positioning. Of 44 newborns (aged <3 weeks) with upper airway obstruction and micrognathia seen in the neonatal intensive care unit, 19 underwent tracheostomy, 10 were discharged with home monitoring and positional instructions, and 15 underwent bilateral mandibular lengthening with microdistractors. Of those who underwent mandibular distraction, a tracheostomy was avoided in 14 of 15 patients. Relative improvement in the posterior airway space was seen on 3D CT scans, cephalograms, and laryngobronchoscopies obtained preoperatively, postoperatively, and during follow-up evaluation. One of these 15 patients required a tracheostomy for postoperative central apnea. In an average of just 4.5 days following completion of distraction, patients were discharged home with improved oral feeding and no feeding tube. This study suggests that for selected newborns, the use of internal microdistractors allows for avoidance of a tracheostomy and improved oral feeding.
T
he gold standard for management of upper airway obstruction in neonates is placement of a tracheostomy. 1 However, with their life-saving effectiveness come numerous complications, including tracheitis, pneumonia, laryngomalacia, bleeding from stomal granulation, subglottic stenosis, and sudden death. 2, 3 Developmental delays with speech, communication, and social interaction may also prove problematic for children with tracheostomies. 4 Typically, removal of a tracheostomy placed at infancy is not completed until mid-childhood (age 5-11 years) and may require multiple procedures. These procedures may include 1) laser for laryngomalacia; 2) hyoid and genioglossal advancement; 3) antireflux surgery and/or 4) laryngotracheal reconstruction (one or two stages). 5 To avoid problems that often accompany a tracheostomy, mandibular advancement with distraction osteogenesis may offer an alternative for correction of upper airway obstruction in select patients.
Mandibular advancement with distraction osteogenesis has been used in growing patients for correction of lower facial asymmetry, severe class II malocclusion, and upper airway obstruction. [6] [7] [8] [9] Mandibular distraction osteogenesis during the first few days of life has been reported, but experience is limited. 9 At our institution, distraction osteogenesis with an external device was initially used as an alternative to a tracheostomy in three newborns. Despite correction of upper airway obstruction in these patients, the neonatal intensive care unit's (NICU) medical team harbored serious concerns about postoperative inadvertent extubation and their inability to reintubate due to the cumbersome external device. A CD-ROM disk containing a digital video of mandible distraction techniques referenced in this article is enclosed with this journal issue, courtesy of KLS Martin, LP. Most Web browsers include a multimedia player program capable of playing the mpeg video file on this CD-ROM. Additional disks may be obtained via e-mail request to the corresponding author at Bradley3@pol.net.
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To alleviate the NICU team's concerns with these initial procedures, we developed a protocol for management of neonatal upper airway obstruction with internal mandibular distraction. To investigate whether internal mandibular distraction was effective in preventing tracheostomies in newborns, we used a series of preoperative tests (sleep study, milk scan, and laryngobronchoscopy) to select 15 patients for the procedure. Preoperative, postoperative, and follow-up cephalograms, 3D CT scans, and laryngobronchoscopies (direct airway examination) were then compared to assess the effectiveness of the internal distraction osteogenesis in this group of patients.
METHODS

N
ewborn patients with significant upper airway obstruction were admitted to the NICU at Children's Hospital. These patients were often intubated shortly after birth and had failed attempts at extubation. Other patients required a nasopharyngeal tube and prone positioning to relieve their upper airway obstruction. The group of patients studied did not include any patient who already had a tracheostomy placed at an outside hospital or those patients with micrognathia who had no report of problems with airway obstruction. A multidisciplinary team comprising a neonatologist, otolaryngologist, plastic surgeon, anesthesiologist, geneticist, pulmonologist, and gastroenterologist evaluated patients.
Preoperative Work-up
Comprehensive evaluation included a sleep study (pulmonary), milk scan, occasional 24-hour pH probe (gastroenterology), and direct laryngobronchoscopy (otolaryngology). The first test, a sleep study, was performed to distinguish between a central or brainstem cause for apnea (not uncommon in premature infants) and an obstructive airway cause for apnea. The study included electroencephalogram (EEG), continuous pulse oximeter, and airway flow monitoring. The sleep study could also determine if apnea was due to a combination of central and obstructive pathologies. The next study, a milk scan, was useful to document the prevalence and frequency of gastrointestinal reflux. This nuclear medicine scan is similar to the "cookie swallow" test used in older infants to document reflux. In some infants, a 24-hour pH probe was used for further documentation of reflux. The final preoperative study performed was a direct laryngobronchoscopy. The otolaryngologist used a flexible endoscope to assess for posterior tongue and/or epiglottal collapse. A rigid scope was used to rule out other airway lesions, including tracheobronchial webs, vascular anomalies, or inflammation secondary to gastrointestinal reflux. At our institution, the direct laryngobronchoscopy was often performed just before the mandibular osteotomy and placement of the internal distraction device to contain the costs of anesthesia and the operating room.
Based on the test results, it was determined whether a patient was excluded from the group who would benefit from an internal mandibular distraction procedure. Exclusion criteria included 1) central apnea, 2) severe reflux, 3) other airway lesion, or 4) upper airway obstruction that may be controlled by positioning ( Table 1) . The fourth criterion, upper airway obstruction controlled by positioning, included many of the patients with Pierre-Robin sequence, who are known to develop "catch-up" mandibular growth and improvement of airway obstruction with time (particularly during the first 2 years of life). Essentially, patients who fit one of the first three exclusion criteria underwent a tracheostomy. Infants who fell into the fourth criterion, obstruction controlled by positioning, were sent home on saturation and apnea monitoring. Patients who did not meet the exclusion criteria were offered a tracheostomy or given the option of internal mandibular distraction. Nearly all parents opted for internal mandibular distraction for their newborn rather than a tracheostomy.
Operative Technique: Internal Mandibular Distraction Osteogenesis
An intraoral, gingivobuccal sulcus incision and an extraoral, Risdon incision are used to expose the mandibular ramus in a subperiosteal plane (Although a completely intraoral approach is preferred for internal distraction, we found it necessary to use a combined approach for these small neonatal patients.). A malleable retractor is placed on the lingual side of the mandibular ramus for protection. A single hook is placed in the coronoid notch. A vertical mandibular osteotomy is made with a reciprocating saw Infants who meet one of the first three criteria undergo tracheostomy for airway protection. The fourth criteria includes infants with Pierre-Robin sequence who, during the neonatal period, may be positioned prone or on the side to maintain an adequate airway until mandibular "catch-up" growth occurs.
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( Fig 1A; for the first two patients, an inverted "L" osteotomy was used). Care is taken to preserve the site of the tooth buds. The KLS-Martin microdistractor (Jacksonville, FL) is placed through the intraoral incision, oriented with an oblique vector and fixed with 1 mm × 5 mm screws. A red rubber catheter is secured to the turning portion of the device to protect the soft tissues and is brought out through the anterior gingivobuccal sulcus incision beneath the lower lip.
Postoperative Care
Distraction begins on postoperative day 1 with two turns three times a day (0.3 mm/turn or 1.8 mm/d). The patient may be safely extubated after 3 to 4 days of distraction. After approximately 8 days, the distraction is complete (15 mm maximum; Fig 1B) . The turning device is then removed with forceps at the bedside or in the operating room. Feeding generally improves shortly after the turning device is removed, and the patient may then be discharged home. The microdistractor is removed through the previous incisions following 8 to 10 weeks of consolidation.
Radiographic Studies
A lateral skull film at standard cephalometric distance was performed in the 15 patients preoperatively, immediately postoperatively (before distraction), after completion of distraction, after removal of the microdistractors, and at follow-up evaluation after 6 months. Two investigators performed cephalometric analysis and traced bony landmarks to create a profilogram and compare lower face area. Landmarks included sella (S), nasion (N), orbitale (O), anterior nasal spine (ANS), upper incisor edge (UIE), lower incisor edge (LIE), B point (B), pogonion (Pg), gonion (Go), menton (M), and articulare (Ar). A 3D CT scan was also performed preoperatively and after removal of the microdistractors.
RESULTS
T
he aerodigestive subspecialists at Children's Hospital evaluated 44 consecutive newborns with upper airway obstruction. Nineteen of these 44 newborns underwent a tracheostomy for central sleep apnea, multilevel airway obstruction, laryngeal edema from severe reflux disease, or significant comorbidities. Ten patients had micrognathia but were well saturated in lateral or prone position. Some of these patients required a short period of nasopharyngeal airway but were sent home with a monitor and no nasopharyngeal tube. For these patients with positional airways and micrognathia, the social situation was considered when the treatment was selected. Two patients with positional airways had a home situation deemed "too risky" without definitive correction of the upper airway obstruction. These 2 patients and 13 others, a total of 15 patients, 
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underwent mandibular advancement by distraction osteogenesis. Of the 44 patients who were evaluated in the NICU, 19 underwent tracheostomy, 10 were discharged home with monitoring, and 15 underwent internal mandibular distraction osteogenesis.
Of the 15 patients who underwent internal mandibular distraction osteogenesis, 2 (13%) were born prematurely (34 weeks gestation). The male-tofemale ratio was 3 to 2. A craniofacial syndrome was diagnosed in 13 of 15 patients (83%). Diagnoses included Pierre-Robin sequence (n = 6), Stickler syndrome (n = 2), Treacher-Collins syndrome (n = 2), Nager syndrome (n = 2), and Cornelia de Lange syndrome (n = 1). All patients in the study were aged less than 3 weeks. Those patients who underwent distraction procedures had a mean age of 8.5 days.
All 15 patients had a latency period of 24 hours (time before beginning distraction), a rate of 1.8 mm/d, a total distraction length of 12 to 15 mm, and a consolidation period between 8 and 10 weeks. At the completion of distraction, occlusal relationship was within 1 to 2 mm of incisor edge to edge. Procedures including mandibular osteotomy and device placement, distraction, turning arm removal, and device removal were performed without difficulty. Two patients had minor wound infections and cellulitis of the submandibular region. One infection occurred during the distraction process; the other occurred during the consolidation period. Both patients were treated with a short course of antibiotics.
Successful tracheostomy avoidance was achieved in 14 of 15 patients (Fig 2) . One of the 15 patients who underwent distraction required a tracheostomy 2 months postoperatively for central sleep apnea. This patient was a premature infant with facial dysmorphology and ventricular septal defect (not yet characterized with a genetic syndrome) who had a combination of obstructive and central apnea. Preoperative sleep study failed to appreciate the level of significance of the infant's central apnea.
Comparison of predistraction and postdistraction cephalograms demonstrated complete activation of the microdistractors and relative improvement in the posterior airway space (Fig 3) . Meaningful comparison of predistraction and postdistraction airway size by cephalogram or CT scan could not be performed because 1) the preoperative endotracheal tube stented the airway in many patients, and 2) respiratory variability caused fluctuation of the airway size in the nonintubated patients. Direct visualization with the flexible endoscope by the otolaryngologist demonstrated improvement from a predistraction evaluation with complete collapse of the posterior tongue and epiglottis to a postdistraction evaluation with elevation of the tongue and epiglottis off the posterior pharyngeal wall. Endotracheal tubes were removed between 4 and 6 days after beginning distraction.
Improvement in feeding was also seen following mandibular distraction. Preoperatively, infants required nasogastric tube feeding for adequate enteric intake. Postoperatively, oral feeding was difficult during the first 8 days due to the turning devices protruding under the lower lip. Following removal of the turning devices, the infants fed well, and only 
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one required prolonged tube feeding. Gastroesophageal reflux was seen preoperatively in 14 of the 15 infants. Most infants were discharged without supplemental oxygen just 2 to 3 days after removal of the turning device. Excluding the patient with central apnea who required a tracheostomy and prolonged tube feeding, the mean length of stay (from the date of initial admission to date of discharge shortly following removal of the turning device) was 18 days. With regard to the hospital stay following removal of the device's turning arm, a mean of 4.5 days was observed.
Complete consolidation of bone within the distracted space was identified in the operating room at the time of removal of the microdistractor and confirmed by 3D CT scan after removal of the microdistractors (Fig 4) . When preoperative and postoperative profilograms were compared, the area of the lower face increased an average of 38.9% (range, 27-49%; Fig 5) . With a follow-up period of 14 months (range, 5-22 months), all 14 patients who tolerated the neonatal period without a tracheostomy remain free from a tracheostomy or symptoms of obstructive sleep apnea. Eight of the patients who underwent 
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Izadi et al distraction have successfully undergone cleft palate repair at ages from 10 to 12 months.
DISCUSSION D
istraction of membranous bone in humans was first performed by McCarthy. 10 During the first decade of facial distraction, advancements were made in mandibular distraction, including refinements in operative techniques and improved devices. 11 Mandibular distraction has been shown, in reported cases, to improve upper airway obstruction. 12 This improvement is based on the intimate attachment the base of the tongue has to the floor of the mouth musculature (genioglossus, mylohyoid, and geniohyoid) and the mandibular bone. In addition, there are fibrous and muscular connections from the epiglottis to the hyoid and the anterior mandible. Thus, when the micrognathic patient with a collapsed tongue and epiglottis undergoes advancement of the mandible in an anteroinferior direction with distraction, these structures are displaced anteriorly, away from the posterior pharyngeal wall. This mechanism of improvement in airway caliper by mandibular advancement is borne out in clinical studies of the treatment of adults with obstructive sleep apnea by sagittal-splitting osteotomies and mandibular advancement. 13, 14 Mandibular distraction osteogenesis has been used to correct micrognathia and upper airway obstruction for 1) obstructive sleep apnea in the growing patient, 2) early removal of a tracheostomy during childhood, and 3) prevention of a tracheostomy in the newborn. First, Cosman and Crikelair 15 noted obstructive sleep apnea in children who did not have obstructive airway problems as infants but gradually developed symptoms of nocturnal gagging and daytime lethargy during the course of childhood growth. Burstein et al 16 from Scottish-Rite Memorial in Atlanta advocated an aggressive surgical approach to treat children with obstructive sleep apnea and craniofacial or neurologic disorders. With their protocol, the anatomic level of obstruction was defined as an airway zone, and treatment was selected based on correction of each zone. At the Aerodigestive/Apnea Center at Children's Hospital of Pittsburgh, our experience with mandibular distraction osteogenesis for obstructive sleep apnea in the growing patient has been limited to six patients who failed to improve with tonsillectomy and adenoidectomy and a CPAP mask. After the distraction, five of the six patients (83%) no longer had evidence of upper airway obstruction clinically and by polysomnography (data not shown).
With regard to early removal of tracheostomy, Williams et al 12 from the Institute of Reconstructive Plastic Surgery at New York University used external mandibular distraction to accomplish early decannulation of tracheostomy in three of four patients with Treacher-Collins and Nager syndromes. In our experience, early decannulation is often more difficult than expressed in literature, especially for patients with certain craniofacial anomalies (e.g., Nager syndrome). For successful removal of a tracheostomy in patients with micrognathia, additional procedures after mandibular distraction osteogenesis are often necessary. These procedures include hyoid and genioglossal advancement, laser for laryngomalacia, and laryngeal-tracheal reconstruction. The process may often take 6 months to 1 year.
Finally, mandibular distraction osteogenesis has been attempted to avoid a tracheostomy in young patients with micrognathia and upper airway obstruction. Denny et al 17 reported on seven patients, aged 6 months to 4 years, who previously had a tongue-lip adhesion as an infant and then external mandibular distraction to avoid a tracheostomy. The tongue-lip adhesion, first proposed by Douglas, has remained a commonly used procedure to improve glossoptosis by repositioning the tongue base in infants with Pierre-Robin sequence. 18, 19 Although this procedure has low morbidity, it provides only temporary improvement and has not been adequate for patients with more severe micrognathia. Using internal mandibular distraction osteogenesis in selected patients (Table 1) , we have experienced success with early correction of the bony deficit in newborns aged 1 to 3 weeks. Newborns who underwent mandibular 
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distraction osteogenesis might likely have been saved from long-term tracheostomy problems, such as subglottic stenosis and laryngomalacia. Presently, there are few, if any, other indications for the use of mandibular distraction osteogenesis in the newborn. For example, correction of facial asymmetries generally should not be undertaken before patients are aged 6 to 7 years. 20 With the use of smaller devices, like the microdistractor, internal mandibular distraction is feasible even in very small patients. Our NICU team was not comfortable with reintubation of newborns with external devices if inadvertent extubation occurred during the early phase of mandibular advancement. Although no premature extubation occurred in our patient group, the NICU team has been more accepting of the internal microdistractor technique. Placement of the internal device requires greater stripping of the periosteum. Animal studies suggest that increased dissection leads to decreased blood supply and poor bone healing within the area of regenerate bone. 21 Despite this finding, our patients had evidence of good consolidation clinically at the time of microdistractor removal and with follow-up 3D CT scans.
Grayson 22 has shown that vertical ramal lengthening with postdistraction mandibular autorotation is effective to increase airway space in patients with hypoplastic mandibles. We used an oblique vector when placing the microdistractor to lengthen the vertical and horizontal axes. This was evident from the data of the patient profilograms. The profilogram, based on bony landmarks from the lateral cephalogram, has been used as an indicator of the upper airway area. 23, 24 We chose this method over soft tissue measurements of the airway space because 1) a high percentage of the patients were intubated preoperatively, and 2) variations in breathing and swallowing were difficult to control.
In addition, infants had a remarkable improvement in oral feeding after distraction and were discharged shortly after completion of distraction. Because of diagnosis of gastrointestinal reflux, infants were continued on one or two antireflux medications. Ongoing follow-up studies will attempt to assess whether these patients show improvement in their reflux.
In summary, evaluations by subspecialists and preoperative tests should be used to select appropriate candidates for correction of upper airway obstruction with mandibular distraction osteogenesis. For selected newborns, the use of internal microdistractors will allow for avoidance of a tracheostomy and improved oral feeding.
